DNA repair proteins must locate rare damaged sites within the genome. DNA polymerase ␤ (Pol ␤), a member of the DNA polymerase X family that is involved in base excision repair, uses a processive hopping search mechanism to locate substrates. This effectively enhances its search footprint on DNA, increasing the probability of locating damaged sites. Processive searching has been reported or proposed for many DNA-binding proteins, raising the question of how widespread or specific to certain enzymes the ability to perform this function is. To provide insight into this question, we compared the ability of three homologous DNA Pol X family members to perform a processive search for 1-nucleotide gaps in DNA using a previously developed biochemical assay. We found that at near-predicted physiological ionic strengths, the intramolecular searching ability of Pol ␤ is at least 4-fold higher than that of Pol and ϳ2-fold higher than that of Pol . Pol ␤ also was able to perform intersegmental transfer with the intersegmental searching ability of Pol ␤ being at least 6-and ϳ2-fold higher than that of Pols and , respectively. Mutational analysis suggested that differences in the N-terminal domains of these polymerases are responsible for the varying degrees of searching competence. Of note, the differences in processive searching ability observed among the DNA Pol X family members correlated with their proposed biological functions in base excision repair and nonhomologous end joining. This article contains supplemental Tables S1-S5.
To prevent mutations or cell death, DNA repair proteins must locate rare events of DNA damage among the 6 billion base pairs of the human genome. This can be achieved through a protein-protein recruitment mechanism, post-translational modifications, random 3D diffusion, and/or facilitated diffusion (processive searching). Processive searching occurs when a protein binds nonspecifically to DNA and uses it as a conduit to facilitate substrate site location (1) . Processive searching can be further classified by the mechanism the protein uses to diffuse along the DNA. These mechanisms include sliding, hopping, and intersegmental transfer (1, 2) . Sliding involves continual contact with a single DNA backbone. In contrast, hopping involves microscopic dissociation and reassociation events that allow the protein to sample both DNA backbones. Both of these intramolecular events are stochastic and effectively serve to increase the DNA-binding footprint of a searching protein on a segment of DNA. Intersegmental transfer is the direct transfer of a protein from one DNA segment to another via a transient microscopic dissociation event or through a bridging intermediate (1, 3) . Intersegmental transfer provides a mechanism for global search of DNA as opposed to more local searching observed with hopping and sliding, and it is proposed to be a more efficient global search mechanism than 3D diffusion because it maximizes time on DNA.
Many DNA repair proteins (4 -7), transcription factors (8 -11) , and endonucleases (12) (13) (14) have been suggested to use processive searching mechanisms for DNA site location. Descriptions of proteins not using a processive searching mechanism are rare. One such reported example is Escherichia coli RNA polymerase where fluorescent single-molecule studies revealed that this enzyme uses a 3D search mechanism for promoter location as opposed to processive searching (15, 16) . However, this study could not rule out short processive searching as the spatial resolution limit of their assays was ϳ39 nm (ϳ115 bp) (16) . With the list of proteins that use processive searching growing, questions arise about the specificity of such a process. Indeed, many proteins that bind specific sites in DNA can also bind DNA nonspecifically, a result of overlapping interactions in specific and nonspecific binding modes (17) . These observations have led to the hypothesis that many DNAbinding enzymes use processive searching to locate their target sites and that this is a general feature of such proteins (17) . To provide further insight into this prevailing view, we have examined the ability of three DNA polymerases to perform a processive search for 1-nt 2 DNA gaps.
The DNA Pol X family contains four enzymes in humans: Pols ␤, , , and terminal deoxynucleotidyltransferase (TdT) (18) . DNA Pol ␤ is critical in the BER pathway and has been demonstrated to perform a processive search (19) . DNA Pols and are involved in nonhomologous end joining (NHEJ) with Pol having a backup role in BER (20, 21) . Pols and are structurally similar to Pol ␤ except for additional domains on their N termini ( Fig. 1) ; both contain a BRCT domain and Pol a serine/proline-rich region, that is proposed to be a site for post-translational modifications (22) . The BRCT domains of these enzymes are important for protein-protein interactions during NHEJ (23, 24) , suggesting that their recruitment to damage is dependent on this domain. Pols ␤, , and can catalyze nucleotide incorporation into 1-nt-gapped DNA, whereas TdT does not (24) . Additionally, Pols and have varying template dependences (24) . For instance, Pols and can both catalyze nucleotide insertion on DNA substrates that contain breaks within the template backbone, whereas Pol ␤ has low or no activity on such a substrate (24) . These differences likely reflect the substrates encountered during their respective biological roles.
We previously demonstrated that Pol ␤ uses an ionic strength-dependent hopping search mechanism and now extend these studies to show that Pol ␤ can perform intersegmental transfer. Comparative studies with Pols and demonstrate that Pol ␤ displays the highest processive searching ability among these Pol X family members. The differing levels of searching ability may reflect the biological roles these polymerases play within the cell and suggest that the ability of Pol ␤ to search DNA was selected for during its evolution.
Results

Characterization of single nucleotide gap filling catalyzed by the X family polymerases
Because the processive search assay is based on nucleotide insertion into 1-nt-gapped DNA, the ability of the three polymerases to catalyze this reaction was first examined (Fig. 1C ).
With saturating concentrations of nucleotide, the single-turnover rate constants (k pol ) were similar for Pol ␤ (2.9 s Ϫ1 ) and Pol (1.4 s Ϫ1 ), whereas the k pol for Pol (0.17 s Ϫ1 ) is ϳ10-fold lower. These studies confirm single-nucleotide insertion activity for these enzymes and provide a basis for interpreting the following processive search results.
A gradient of processive searching ability for the Pol X family
Using our standard processive assay substrate (P20), where two 1-nt gaps on the same DNA strand are separated by 20 bp, the ability of Pols and to perform a processive search was examined ( Fig. 2 ). Processive search assays were performed under steady-state conditions, and the initial velocities for distributive and processive products were extracted to calculate fraction processive (F p ) values. The F p value is the probability of an enzyme to perform a productive search, i.e. the ability to locate and catalyze product formation at both substrate sites within a single DNA-binding event (5, 19) . Representative gels for processive assays with Pols ␤ and are shown in Fig. 3A . Pol ␤ was at least 4-and ϳ2-fold more processive than Pols and , respectively, at 100 mM ionic strength ( Fig. 3C and supplemental Table S1 ). These data indicate that there is a spectrum of searching ability with the Pol X family members.
To determine whether the additional N-terminal domains of Pols and could account for the observed differences in searching ability, as compared with Pol ␤, truncated forms of these enzymes were used in the processive search assay. These truncations maintain the 8-kDa and polymerase domains only ( Fig. 1A) . Removal of the BRCT domain of Pol (⌬131Pol ) does not affect its searching ability ( Fig. 3C ). Interestingly, removal of the N-terminal domains of Pol (⌬241Pol ) significantly but modestly increases F p (1.6-fold) as compared with full-length Pol ( Fig. 3C and supplemental Table S1 ). These data suggest that the additional domains on Pol inhibit its processive searching ability, whereas the presence of the BRCT domain in Pol has no effect.
Pol ␤ can perform intersegmental transfer
Facilitated diffusion includes mechanisms of hopping, sliding, and intersegmental transfer (1, 2) . We previously demonstrated that Pol ␤ can perform an intramolecular hopping mechanism, but its ability to perform intersegmental transfer is unknown. To determine whether Pol ␤ can perform intersegmental transfer, we used a substrate that was previously utilized to characterize the intersegmental transfer ability of the DNA glycosylase AAG (3). This intersegmental transfer substrate contains two DNA duplexes, each containing a 1-nt gap, that are covalently linked through varying PEG linker lengths. This allows for the close positioning of two DNA duplexes with a predicted effective concentration in the low millimolar range (25, 26) . Two intersegmental transfer substrates were used: IS4 and IS8, containing four and eight PEG-6 linkers, respectively, where the 6 indicates the number of ethylene glycol units ( Table S3 ). This lack of dependence is most likely due to the short persistence length of PEG (ϳ4 Å) (27) , and this is consistent with the behavior of the DNA glycosylase AAG (3). The ionic strength dependence of the fraction processive with the IS4 substrate was indistinguishable from that of the P20 intramolecular substrate ( Fig. 5A and supplemental Table S2 ). We previously showed that mutation of three lysines in the 8-kDa lyase domain of Pol ␤ to alanine (K35A, K68A, and K72A; referred to as K⌬3A) significantly reduced processive searching with the P20 substrate (19) . This mutant similarly disrupted the ability of Pol ␤ to perform intersegmental transfer (Fig. 5B ). Taken together, these data demonstrate that Pol ␤ can perform intersegmental transfer and that this process shares a similar ionic strength dependence with the intramolecular hopping mechanism.
Next it was determined whether Pols and can perform intersegmental transfer. As shown in Fig. 6B , full-length Pols and are at least 6-and ϳ3-fold less processive than Pol ␤, respectively (supplemental Table S4 ). Overall the F p values obtained with the intersegmental transfer substrate mirror the F p values obtained with the P20 hopping substrate, consistent with the proposal that hopping and intersegmental transfer share similar mechanisms (see "Discussion").
Determination of nucleotide insertion efficiency values for Pols ␤, , and
Processive searching, as measured here, is dependent on DNA scanning and nucleotide incorporation once a gap is encountered (i.e. product formation) (19) . It is possible that a Pol may scan to a second site but dissociate before catalyzing nucleotide insertion, which would lead to a decrease in F p . The efficiency (E) is the probability of a Pol to catalyze nucleotide insertion versus dissociating from the 1-nt-gapped DNA substrate (6) . To determine whether DNA scanning or efficiency drive the differences in the F p values observed among the Pols, we measured the efficiency of nucleotide insertion (Fig. 7) . The efficiency values for Pol ␤ and are high, 0.78 and 0.93, respectively, indicating that these Pols have a high probability of inserting a nucleotide once a gap is encountered. The efficiency for Pol is ϳ2-fold lower, 0.39.
Discussion
A fundamental problem facing any DNA repair enzyme is the task of locating its substrate. Facilitated diffusion is one possible solution to this search problem. In this study, we sought to determine whether the searching ability of Pol ␤ is unique to this member of the human Pol X family or whether it is a shared feature among these polymerases. Pol X family members exhibit a spectrum of processive searching abilities for DNA gaps. Pol ␤ demonstrates the highest F p values in contrast to values ϳ2-fold lower and at least 4-fold lower for Pol and Pol , respectively, as compared with Pol ␤. Because Pols ␤, , and can all perform DNA gap filling, these data may suggest that the searching ability of Pol ␤ has evolved specifically for substrate location. Examples in the literature of DNA repair enzymes not performing processive searching are rare, leading to the view that many, if not all, DNA repair enzymes use processive searching for substrate localization. Here we show that even among homologous enzymes there are varying degrees of processive searching.
It is important to discuss the interpretation of low F p values, such as the ones observed with Pol . Using our processive assay, the lowest F p value observed was 0.05, determined at 150 mM ionic strength with the K⌬3A Pol ␤ mutant (19) . Similar low F p values have been obtained at high ionic strengths (0.08) Table S1 ). The error bars represent the S.D. from at least two experiments.
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and with a site spacing of 80 bp (0.06). It is unlikely that the processive hopping mechanism of Pol ␤ could persist at high ionic strengths; thus these low values likely represent the background of the assay (0.05-0.08). The background arises from the enzyme rebinding to the intermediate substrates to form the processive product in a distributive manner. Similar background behavior has been observed with AAG (5) . Additionally, because the k cat values of Pols and are significantly lower than that of Pol ␤, the concentrations of Pols and used in the processive assays described here were ϳ3-fold higher than for Pol ␤ (supplemental Table S1 ). This increases the probability of rebinding to intermediates. For transparency, we have chosen to represent the data as obtained without correction. We propose that the F p values observed with Pol likely represent background activity, and therefore Pol is most likely not processive under these conditions. However, we cannot rule out the possibility that Pol uses some amount of processive searching inside the cell because our assay conditions are probably not mimicking such an environment. For instance, the addition of crowding agents can increase processive searching (28) . But if we assume that these effects would scale with the -fold differences we observed between the polymerases, then it is reasonable to propose that Pol ␤ is more processive than Pols and . Table S2 ). The ionic strength data for P20 is taken from Ref. 19 . B, variation of the PEG linker length with the intersegmental transfer substrate has no effect on the fraction processive (supplemental Table S3 ). The K⌬3A mutant reduces intersegmental transfer ability of Pol ␤. The error bars represent the S.D. from at least two assays.
Figure 6. Comparison of intersegmental transfer abilities of Pol X family members.
A, gels representing processive assays performed with ⌬131Pol and ⌬241Pol truncated enzymes and the intersegmental transfer substrate (IS8). Assays were performed as described in Fig. 4 at 100 mM ionic strength. S indicates substrate bands, P indicates processive product, and D represents distributive products. B, bar graph representing the F p values obtained with the indicated enzyme and the IS8 substrate (supplemental Table S4 ). The error bars represent the mean and S.D. from at least two assays except for the values reported for Pol . The observed F p value is dependent on the searching ability and the efficiency of nucleotide insertion (6) . Measurement of the efficiency values for these Pols reveals that the low F p values observed with Pol , as compared with Pol ␤, are due to a decrease in searching ability as Pol has a high efficiency value (0.93). The decrease in the F p value observed with Pol derives from decreases in both searching ability and efficiency. It may be possible that protein-protein interactions (i.e. Ku70/80) increase the efficiency for Pol . In this case, the F p may increase to 0.3 from 0.12 for the P20 intramolecular substrate at 100 mM ionic strength. Similarly, increasing the efficiency to 1.0 for Pol would only increase the F p to 0.24 from 0.22 for the same substrate and conditions. Thus, even if the efficiency was increased to 1.0 for both Pol and , the F p would still be ϳ2-fold lower than the F p value for Pol ␤.
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The gradient of searching abilities observed correlates with the proposed biological functions of these polymerases. Pol ␤ is involved in BER; Pol and Pol are involved in NHEJ with Pol having a backup role in BER (20, 21) . Pol ␤ has no dedicated protein-protein interaction domain, whereas Pols and have BRCT domains. The BRCT domains of Pol and are required for polymerase activity in in vitro NHEJ assays (23) . These results are consistent with the idea that Pols and are localized to double strand breaks via interaction with the DNA-bound Ku70/80 complex through their BRCT domains (Fig.  8B) . Thus, the selective pressure for the ability to perform a processive search may be absent in the Pols involved in NHEJ. In the case of Pol , which has a backup role in BER, the selective pressure of having a searching ability may be increased, consistent with its higher F p values compared with Pol .
We previously demonstrated that the positively charged 8-kDa domain of Pol ␤ is instrumental for searching and proposed a model where this domain makes nonspecific electrostatic interactions with DNA during the search process (19) . The theoretical isoelectric points (pI) of the 8-kDa domains of Pols ␤, , and are 9.7, 5.7, and 9.4, respectively. Thus, our model predicts the searching ability of Pol to be significantly decreased as compared with Pol ␤. Indeed, the F p value of Pol with the P20 hopping substrate is at least 4-fold lower than that of Pol ␤ (Fig. 3C) . The 8-kDa domain of Pol has a pI similar to that of the 8-kDa domain of Pol ␤; however, the F p value for full-length Pol is ϳ2-fold lower than that for Pol ␤. This lower than expected value arises from the additional N-terminal domains because ⌬242Pol has an F p value closer to that of Pol ␤. Therefore, we suggest that the N-terminal domains of Pol decrease its ability to search (ϳ2-fold). The observed increase in processivity upon truncation of Pol could be due to an Table S5 ).
enhanced efficiency of nucleotide insertion, or the additional domains destabilize nonspecific DNA binding during the search process. These data further support the importance of the positively charged 8-kDa domain in searching.
Intersegmental transfer is the direct transfer of a protein from one DNA segment to another. There are two models for how this can occur: the bridging and the jumping mechanisms (3) . In the bridging model, the protein transfers to another DNA through an intermediate where the protein is simultaneously bound to both DNA segments. This mechanism has been proposed for proteins that have multiple DNA-binding sites, either through having multiple DNA-binding domains or through dimerization (8 -10, 29 -35) . During the microscopic dissociation event, the protein can either reassociate with the same strand (a hop (intramolecular)) or transfer to a neighboring DNA (a jump (intermolecular)). Our results are best explained by a jumping model, but we cannot rule out a bridging mechanism. Indeed, these two models are not mutually exclusive as the Oct-1 transcription factor seems to use both mechanisms (8) . For Pol ␤, the observation of a similar ionic strength dependence between the hopping substrate (P20) and the intersegmental transfer substrate (IS4) is evidence supporting a jumping mechanism (Fig. 5A) . A similar dependence on ionic strength is consistent with the proposal of a hop and a jump arising from the same intermediate, a microdissociated protein.
In conclusion, not all DNA-associated enzymes perform processive searching, suggesting that selective pressure to do so was present during the evolution of Pol ␤. The processive searching mechanism of Pol ␤ is a multistep process that encompasses these minimal steps: 1) microdissociation from product, 2) reassociation to undamaged DNA, 3) microdissociation from undamaged DNA, and 4) association to substrate, which includes a conformational change that enhances binding affinity for substrate ( Fig. 8A ). Cycling between steps 2 and 3 results in a hopping mechanism. During a microdissociated state, the protein can either reassociate with the same DNA (a hop) or bind another nearby DNA (a jump). Thus, intersegmental transfer is a hop that has been coopted by a closely positioned DNA neighbor. This allows Pol ␤ to escape a redun-dant search on a single DNA segment while optimizing its search time on DNA.
Experimental procedures
Enzymes Enzymes were prepared as described previously (36 -38) . The extinction coefficients used to calculate the concentration of the proteins are 23,380, 47,440, 35,000, 57,870, and 36,900 M Ϫ1 cm Ϫ1 for Pol ␤, Pol , ⌬131Pol (⌬1-131), Pol , and ⌬241Pol (⌬1-241), respectively.
Substrates
All oligos were from Integrated DNA Technologies, Inc. The P20 substrate was the same as described previously (19) . Intersegmental transfer substrates contained five oligos designated IS1, IS2_4, IS2_8, IS3, IS4, and IS5. The IS2_4 and IS2_8 oligos contained four and eight PEG-6 units, respectively (IS4 and IS8 contained 24 and 48 ethylene glycol units, respectively). DNA sequences are provided in the supplemental material. Substrates were annealed with equal molar ratios in a PCR machine.
Single-turnover nucleotide insertion
Reactions were performed with a quench-flow apparatus. Reaction conditions included 50 mM Tris, pH 7.4, 100 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 10% glycerol, and 0.1 mg/ml BSA at 37°C. Reactions were initiated by mixing 100 nM DNA and 100 M dCTP for Pol ␤ and Pol reactions and 2 mM dCTP for Pol reactions in reaction buffer with a 1 M concentration of the indicated polymerase equilibrated in reaction buffer. Reactions were stopped by addition of 100 mM EDTA. Samples were then separated on a 22% gel and quantified as described previously (19) .
Processive assays
Assays were performed as described previously (19) . Briefly, reaction mixtures contained 1 nM Pol ␤, 3 nM Pol or , 500 nM processive substrate, 50 M dCTP, 50 mM Tris-HCl, pH 7.4, KCl at the concentration indicated, 5 mM MgCl 2 , 1 mM DTT, A, processive searching model for Pol ␤. After catalyzing product (forming a nick), a series of steps occurs for productive processive searching: 1, microdissociation from product; 2, reassociation to undamaged DNA or direct transfer to an adjacent proximal DNA; 3, dissociation from undamaged DNA (steps 2 and 3 repeated give rise to a hopping mechanism); and 4, association to substrate. B, proposed model for Pol and localization to a double strand (Ds) break during NHEJ. Pols and are recruited to double strand breaks through the Ku70/80 complex by their BRCT domains.
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10% glycerol, and 0.1 mg/ml BSA at 37°C. The ionic strength is calculated by taking into account MgCl 2 , Tris, and KCl (50 mM ϩ [KCl] ϭ ionic strength) (Benyon online calculator). Reaction time points were quenched with EDTA, and products were ligated with E. coli ligase as described previously (19) . Samples were then separated by 22% denaturing PAGE, and bands were quantified using ImageQuant TL. The initial velocities were determined for both distributive and processive products. The distributive products are represented in plots as the sum because in all cases these intermediates have similar initial velocities (within 20% error), indicating equal probability of reactivity. To quantify the searching ability, the term fraction processive was used (5) . The fraction processive is calculated by
Efficiency measurements
We previously used a pulse-chase partition assay to measure the probability of Pol ␤ to catalyze nucleotide insertion versus dissociation from the DNA substrate (19) . This probability is referred to as the efficiency (6, 39, 40) . Previously, these measurements were performed on a KinTek quench-flow apparatus and required a large volume of concentrated trap (1-nt-gapped DNA). We have simplified this assay by manually mixing the binary complex with a solution containing both dCTP and trap. This assumes that nucleotide binds faster than the dissociation of the Pol from the DNA. Determining the efficiency values by either method results in comparable values (for pulse chase, E ϭ 0.74, and manually, E ϭ 0.78 for Pol ␤). In the manual mixing partition assay, a binary complex containing a 400 nM concentration of the indicated Pol and 200 nM FAM-DNA substrate (1-nt gap with a templating G) was mixed with an equal volume of 100 M dCTP and 2 M dGPcPP (indicated as dCTP) or 100 M dCTP, 4 M trap DNA, and 2 M dGPcPP (indicated as dCTPϩTrap). Reaction conditions included 50 mM Tris, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 10% glycerol, 1 mM DTT, and 0.1 mg/ml BSA at 37°C. At the indicated time points, a sample from the reaction was removed and analyzed as described for the single-turnover reactions. The trap was made more effective by adding nonhydrolyzable nucleotide (dGPcPP; Jena Biosciences), which is the correct insertion for the trap DNA (templating C), to the reaction mixtures. The dCTP reactions are fit to a single-exponential equation (Pols and ) or a line (Pol ␤). Trapped reactions are fit to a burst equation (39) (Pols and ) or a line (Pol ␤). A trap control reaction was performed by preincubating the indicated binary complex with trap DNA and 2 M dGPcPP for 5 min at 37°C before initiating the reaction by addition of dCTP to a final concentration of 50 M. The efficiency was calculated by dividing the amplitude of the burst phase or the y intercept of the dCTPϩTrap reaction by the amplitude or the y intercept of the dCTP reaction (39) .
